Recently, Manila clam, Ruditapes philippinarum, populations have suffered mortalities in Arcachon Bay (SW France). Mortality was associated with extensive lesions of the posterior adductor muscle, which become progressively brown and calcified. Ultrastructural observations by transmission electron microscopy revealed tissue degradation with necrotized muscle fibres and granulocytomas. Unenveloped virus-like particles (VLPs) were detected in muscle, granulocytic, epithelial and rectal cells. VLPs were abundant in the extracellular space, in the cytoplasm (free or enclosed in vesicles) and in the nucleoplasm of granulocytes. Nuclei and mitochondria of granulocytes displayed changes which suggested reactive oxygen species production and apoptosis induction. VLPs exhibited an icosahedral structure with a diameter of 25 to 35 nm. These observations suggest that the VLPs could belong to the family Picornaviridae or the Parvoviridae.
Introduction
The Manila clam Ruditapes philippinarum is one of the most exploited bivalve mollusks in the world. This species has a relatively high commercial value in France. In 2006, Arcachon Bay (Southwest France) ranked first among commercial species in France in standing stock (7 600 t) and production (450 mt). Normally, the Manila clam is an infaunal bivalve living a few centimeters under the sediment surface. Recently, in large areas within the bay, a significant quantity of individuals was retrieved from the sediment surface. They were often gaping or were recently dead. Mortality was associated with lesions of the posterior adductor muscle that became progressively brown and calcified. This pathology has been named Brown Muscle Disease (BMD) and etiologic agents have been sought (Dang, de Montaudouin, Gonzalez, Mesmer-Dudons & Caill-Milly 2008) . Light microscopy has not revealed any causal agent. Bacteria and protozoan agents being excluded, a viral etiology has been hypothesized. The first report of viruses in bivalve mollusks was a herpes-like virus in oyster tissues (Farley, Banfield, Kasnic & Foster 1972) . Many reports of different virus families were subsequently described in several mollusk species around the world (Comps, Bonami & Vago 1976 , Comps & Duthoit 1976 , Johnson 1984 . Mortalities associated with viruses have been observed in many bivalve species in different parts of the world. For instance, mortalities occurred in Crassostrea angulata from 1970 to 1973 along French Atlantic coast as a consequence of an iridovirus , Comps & Duthoit 1976 and in Crassostrea gigas in 1977 due to a similar iridovirus (Comps & Bonami 1977) . Mass mortality of the pearl oyster Pinctada margaritifira was recorded in 1985 with associated necrosis of the adductor muscle. Virus-like particles of 40 nm in diameter were detected (Comps, Herbaut & Fougerouse 1999 , Comps, Herbaut, Fougerouse & Laporte 2001 . Other severe mortality events were reported in bivalve populations in relation with the presence of virus-like particles (Miyazaki, Goto, Kobayashi, Kageyama & Miyata 1999 , Novoa & Figueras 2000 , Johnson 1984 , Jones, Scotti, Dearing & Wesney 1996 , Hine & Wesney 1997 .
This paper reports the first morphological and ultrastructural description of virus-like particles associated with the Manila clam Brown Muscle Disease, as well as the histological changes observed in the bivalve infected tissues.
Materials and methods
Specimens of Ruditapes philippinarum were collected from an intertidal site in Arcachon Bay. Manila clams were selected for the study in the three pathological stages previously described (Dang et al, 2008) : healthy (n = 5), intermediate (n = 10) and advanced stages (n = 10). Clams were opened by sectioning the adductor muscle with a scalpel blade and striated muscles were dissected and therefore fixed for histological examination. The muscle was fixed in 2.5 % glutaraldehyde buffered with 0.1 mmol L -1 sodium cacodylate solution and synthetic seawater for 12 h at 4 °C, rinsed in a cacodylate buffer (0.1 mmol L -1 , NaCl 2 %), postfixed in 1 % OsO 4 for 2 h, dehydrated through a graded series of ethanol (50 to 100 %), and embedded in araldite. Ultrathin sections (500 -700 Å) were cut and examined without staining on a Philips Tecnai 12 transmission electronic microscope.
In order to observe the attachment zone of the muscle and palleal epithelium cells, muscles and shells from two uninfected and six diseased clams were decalcified. The shell and the muscle were decalcified in EDTA 7 % for 18 days. EDTA solution was changed every day until complete decalcification. Then, treatment of samples was executed as previously mentioned.
Results
All infected clams in intermediate and ultimate stages of the disease exhibited electrondense particles of 25 to 35 nm widespread in tissues, in contrast to healthy clams in which no virus-like particles (VLPs) were detected. Histological section of clams observed in transmission electron microscopy (TEM) showed in healthy specimens a classical muscle arrangement, with muscular fibers composed of several myofibrils (Fig. 1a) . However, diseased clams exhibited an extensive necrosis and a complete muscular disorganization (Fig. 1b, c, d , e, f). During the study of the clams showing intermediary stage of BMD infestation, two different situations were observed under TEM: the first with remnants of muscular fibers and few granulocytes (Fig. 1b, c, d) ; the second with an extensive granulocytomas as this has been previously described in light microscopy (Dang et al. 2008) (Fig. 1e, f) . In both situations, the tissue was seriously disrupted. In clams showing first intermediate stage of BMD disease, muscular fibers were completely necrotized, atrophied, and without a normal muscle bundle organization (Fig. 1b) . At this stage, muscle cells were not discernible. Only remnants of deteriorated fibers without any adhesion were observed. These degraded muscle fibers were interspersed with hemocytes and particularly granulocytes (Fig. 1b) . This is the first line of cellular defense in bivalves. Inside sarcoplasms, vesicles containing electron dense VLPs could be noticed (Fig. 1c) . VLPs could be found either in vacuoles inside fibers (Fig. 1c ) or near damaged fibers ( Fig.  1d ) perhaps in sarcoplasm. The tissue was so degraded that it was not possible to determine the intra-or extracellular position of VLPs, but observations suggested that they were present in both locations. Secondly, significant hemocyte infiltration was observed (Fig. 1e ). These hemocytes contained in their cytoplasm numerous dark granules and were identified as granulocytes. They may have digested muscle cell debris. Granulocytomas seemed to be a stage more advanced than the first intermediate stage previously described with remnants of muscular cells. VLP-associated granulocytomas were observed (Fig. 1f) . Like in muscle cells, VLPs could either have extracellular (Fig. 1f ) or intracellular locations (Fig. 2a, d , e). Indeed, VLPs could be found in vesicles inside the cytoplasm of the granulocyte (Fig. 2a) . The nucleus of granulocytes appeared abnormal with a prominent lateral displacement of the nucleoli (Fig. 2b) which may be the sign of replication and a slightly higher degree of chromatin condensation. Inclusion bodies were absent. At a higher level of infection, nuclei appeared pycnotic and condensed ( Fig. 2c, d ). Within the nucleoplasm, VLPs were observed and had the same structure and size as other VLPs (Fig. 2d, e) . In these figures, the nucleus was pycnotic; the heterochromatin almost occupied the totality of the nucleus. However, VLPs were less electron-dense than compared to the extracellular or cytoplasmic virions and its appearance remembered viruses in process of assembly. Furthermore, granulocytes possessed abnormal mitochondria with loss or disorganization of cristae architecture (Fig. 2f) . These organelles appeared empty with only short or fragmented cristae. Decalcification of our samples permitted the observation of epithelial cells, responsible for shell secretion and the observation of the attachment zone of muscular cells (Fig. 3a) . VLPs were detected in the cytoplasm of these cells within endocytotic vesicles (Fig. 3b, c) . VLPs were also detected in the cytoplasm of rectal cells, which are adjacent to muscle cells (Fig.  3d , e). They had invaded the rough endoplasmic reticulum (Fig. 3d, e) . In Fig. 3d , the internal and external membranes of the nucleus seemed irregular and dissociated. Blisters appeared between both nuclear membranes.
In the advanced stage, tissue was so disrupted that no structure was recognizable. Remnants of lysed cells as membranes and degradation bodies were present. Large amounts of VLPs were observed in this stage. They could be densely enclosed in vesicles, or free throughout cellular debris (Fig. 3f) . Paracrystalline arrays occurred frequently in this ultimate stage of brown muscle disease (Fig. 4a ). VLPs were non-enveloped and measured from 25 to 35 nm in diameter (Fig. 4b) . They appeared icosahedral in shape and exhibited an homogenously electron dense center (Fig. 4b) .
Discussion
In the literature, only one virus is known to infect and replicate in R. philippinarum tissues, a herpes-like virus which infects larvae. It induced sporadic mortalities in French hatcheries in 1997 (Renault, Lipart & Arzul 2001b , Renault, Lipart & Arzul 2001a . No virus has been described in adult Manila clams. However, virus-like particles (VLPs) have been found in R. decussatus in Spain (Novoa & Figueras 2000) . Similar symptoms and associated virus particles were reported in the scallop Patinopecten yessoensis (Mori 1975) , in the Japanese pearl oyster Pinctada fucata martensii (Miyazaki et al. 1999) and in the Polynesian pearl oyster Pinctada margaritifira (Comps et al. 1999 , Comps et al. 2001 . Like BMD, both oyster diseases displayed an extensive necrosis and atrophy of the muscle fibers with a prominent inflammatory response and mass mortality of oysters. In the altered muscle tissues of the Japanese pearl oyster, inclusion bodies contained virions from 25 to 33 nm in size, presumably containing a RNA genome (Miyazaki et al. 1999) . On other hand, 40 nm VLPs were reported from the granulocytomas tissue of the Polynesian pearl oyster (Comps et al. 1999) . In the Japanese pearl oyster, the pathology is combined with a yellowish to brown coloration of the adductor muscle but the disease also affects pallial, foot, gill and cardiac musculature. Although other musculatures are not considered here, it doesn't seem that other tissues than the adductor muscle are infected based on gross observation. Clams affected by BMD showed highly degenerated muscle fibers. The tissue was so destroyed that the disease could be detected through gross observation. The gradation of coloration (from yellowish to brown) corresponds with infection intensity. A contrast with the Miyazaki et al (1999) report is the calcification of infected Manila clam adductor muscle. At each level of infection, VLPs were observed in different cellular types: muscular, epithelial, granulocytic and rectal as well as in different locations, intranuclear, cytoplasmic and extracellular. The observation of VLPs in cells was dependent on cell type. VLPs were exclusively observed into endocytotic vesicles in epithelial cells, and free in the cytoplasm of rectal cells which might suggest a direct penetration. In these rectal cells, they were found in association with the rough reticulum. We also emphasize the resemblance with the virus-like particles found in mussel Perna canaliculus (Jones et al. 1996) and in scallop Pecten novaezelandiae (Hine 1997) . In muscle cells, VLPs were observed inside vesicles and free in the sarcoplasm at a higher degree of infection. An important necrosis phenomenon takes place in the muscle. Miyazaki (1999) reported in the Japanese pearl oyster the formation of membranous inclusion bodies in the sarcoplasm of necrotized muscular fibers which contained viral particles. The presence of pathological granulocytes forming granulocytomas was considerable in muscle tissues like in Pinctada fucata martensii (Miyazaki et al. 1999) , in Pinctada margaritifira (Comps et al. 1999) and in Mytilus edulis (Rasmussen 1986 ). The lesions found in Ruditapes philippinarum displayed some similarities to granulocytomas which developed in the mussel Mytilus edulis infected by a picornavirus (Rasmussen 1986 ). This virus replicated in cytoplasmic vesicles within granulocytes which could aggregate to form the granulocytomas. For the moment the first cellular type colonized by VLPs is unknown even if it should be logical that infection begins by muscular cells. Afterwards, granulocytes might be arriving to phagocytose infected muscle cells and they become subsequently infected. It is also possible that VLPs pass from muscle cells to adjacent rectal cells. These last points are hypothetical.
Nuclei of granulocytes and rectal cells presented lethal alterations like heterochromatin margination, lateral displacement of the nucleus and dilatation of the nuclear cisternae (blisters). Features indicated the imminent pycnosis and consequently the death of cells (Cabanne & Bonenfant 1986) . Some of these alterations argue for apoptosis signs (programmed cell death) like aggregation of condensed chromatin along the inner nuclear membrane and global signs of nucleus collapse (Desprès, Flammand, Ceccaldi & Deubel 1996 , Wattre 1999 ). Viral protein may be responsible for apoptosis either during particle penetration or during the release of structural protein into the cell (Desprès et al. 1996 , Hanon, Vanderplasschen, Lyaku, Keil, Denis & Pastoret 1996 . In some pycnotic nuclei, high concentration of VLPs was observed, which argues for virus multiplication in the nucleus and consequently a possible DNA-based viral genome. In this case, VLPs were less electrondense, which suggests an early stage of assembly. In granulocytes, the analysis of mitochondrial ultrastructure showed the occurrence of cristae loss and disorganization. The same phenomenon of destroyed cristae was reported in Pinctada fucata martensii muscle fibers (Miyazaki et al. 1999) . It could be hypothesized that damaged mitochondria and such cristae disorganization could reflect the occurrence of an apoptotic event in this organelle. In this context, recent reports suggested that some viruses are able to induce reactive oxygen species (ROS)-mediated cell apoptosis (Wang & Weinman 2006 , Schmitt & Reiter 2008 . Activated granulocytes certainly play an important role in virus infections and their destruction can delay viral clearance, facilitating the spread of viruses in the host. The induction of apoptosis provides a means for the virus to establish a balanced long-term relationship with the host immune system, sacrificing other cells to undergo infection and there by promoting viral survival (Renault et al. 2001b , Desprès et al. 1996 , Miller & White 1998 , Wattre 1999 . Studies on viral agents in mollusks are limited by the lack of molluskan cell-lines to cultivate the putative viruses. Consequently, determination of virus family is mostly carried out by TEM approaches. Due to morphological criteria, VLPs of the brown muscle disease could belong either to the Picornaviridae (Moore & Eley 1991 , Rueckert 1971 , Godman 1973 or Parvoviridae (Tijssen & Arella 1991 , Mayor 1973 . The VLP was non-enveloped, and the capsid was apparently icosahedral and measured approximately 25 to 35 nm in diameter. Picornaviridae have single-stranded RNA and Parvoviridae single-stranded DNA genomes. R. philippinarum VLPs present high similarities in size, structure and cellular position to the Bay of Piran Shrimp Virus (BPSV) (Vogt 1996) . BPS virions are spherical to angular, nonenveloped and measure around 22 to 27 nm in sections. Like the present VLPs, BPSV could be found either in extracellular position, accumulated in the cytoplasm but also abundant within membrane whorls, in association with the rough endoplasmic reticulum or within the nucleoplasm, depending of the cell type. BPSV has been described to probably belong to the Picornaviridae or to the Parvoviridae. At first glance, Manila clam VLP seems to be a picornavirus, since it is located in the cytoplasm like the virus found by Miyazaki (1999) in the Japanese pearl oyster. Viruses related to the Picornaviridae are host-species specific. The extensive cellular damage and incomplete maturation of the VLP found by electronic microscopy are in agreement with observations related to picornavirus infection in other animal species (Godman 1973) . However, the putative assemblage of the VLP within the nucleus would argue for the Parvoviridae. Furthermore, a similar cytoplasmic virus, the IHHNV (infectious hypodermal and hematopoietic virus) of penaeid shrimps previously assumed to be a Picornaviridae has meanwhile been assigned to the Parvoviridae by molecular analysis (Mari, Bonami & Lightner 1993) . On the basis of our investigation, the high infection rate, behavioral changes and gross pathological symptoms in the infected clams, and the presence of immune defense reactions suggest a severely pathogenic infection. However, further attempts to isolate the virus are required to confirm the role of these virus-like particles as the cause of brown muscle disease and to realize transmission tests on healthy animals. Molecular analysis (sequencing) will be necessary to relate this virus to a family. 
